ABSTRACT Background. We sought to reduce local recurrence for retroperitoneal sarcomas by using a coordinated strategy of advanced radiation techniques and aggressive en-bloc surgical resection. Methods. Proton-beam radiation therapy (PBRT) and/or intensity-modulated radiation therapy (IMRT) were delivered to improve tumor target coverage and spare selected adjacent organs. Surgical resection of tumor and adjacent organs was performed to obtain a disease-free anterior margin. Intraoperative electron radiation therapy (IOERT) was delivered to any close posterior margin.
treatment of these tumors, and there are marked institutional biases regarding optimal local therapy.
The primary therapy for RPS is complete surgical resection. There has been much recent controversy over the aggressiveness of surgical resection that should be performed for retroperitoneal STS. A group from Milan, Italy, recently advocated a policy of liberal en-bloc resection of adjacent organs, and a retrospective comparison of patients before and after the adoption of this policy revealed improved local recurrence (58% vs. 28%) with the more aggressive strategy. 3 At the same time, a multicenter retrospective review of surgical patients in France found that compartmental resection of contiguous organs was associated on multivariate analysis with a 3.29-fold lower rate of local recurrence compared to only complete gross tumor resection. 4 An accompanying editorial pointed out that the strategy of resecting some contiguous organs, such as the kidney and colon, while leaving other contiguous organs, such as the inferior vena cava and aorta, may be flawed, and that the Milan and French study results may be due to case selection bias and other confounding variables. 5 There are also contrasting opinions regarding the role of adjuvant radiotherapy for RPS. For extremity STS, surgical resection and adjuvant radiation can result in local recurrence rates of \10%. 6 Even with a positive microscopic margin, adequate doses of radiation ([64 Gy) can often sterilize residual microscopic disease and result in local recurrence rates of \20%, although some studies have not found such high control rates even with higher radiation doses. 7, 8 In contrast to extremity STS, RPS are more difficult to irradiate because they arise adjacent to radiationsensitive organs such as the kidney, liver, and small bowel. Given the difficulty of delivering adequate doses of radiation to RPS, many institutions treat these tumors with surgery alone, and local recurrence rates are generally C40%. [9] [10] [11] Furthermore, local recurrence rather than distant metastasis is the primary cause of death for patients with RPS. 9 The past decade has seen the development and evolution of radiotherapy techniques that allow for more accurate delivery of radiation to tumors situated in difficult anatomic locations including the retroperitoneum. Intensitymodulated radiation therapy (IMRT) is a method of delivering external-beam radiotherapy that uses photon radiation beams with varying fluences across multiple radiation fields. 12 These radiation fields are designed by sophisticated computer planning programs with inverse planning methods, such that radiation dose is delivered to the planning treatment volume (PTV) in three dimensions while limiting dose to prescribed limits for radiation-sensitive organs. Proton-beam radiation therapy (PBRT) involves the use of protons (or the nuclei of hydrogen atoms) rather than traditional photons. 13 Protons are particles (in contrast to traditional photons, which are best characterized as electromagnetic waves) that reduce the radiation dose to normal tissues (i.e., integral dose) by approximately 60% because of a lower entrance dose and the near absence of any exit dose. This allows delivery to the prescription dose to the tumor with much greater sparing of adjacent organs and structures than is possible with photons. Intraoperative electron radiation therapy (IOERT) involves the use of a radiotherapy machine in the operating room to deliver high doses of electron radiation to the tumor bed with most radiation-sensitive organs and structures retracted away. 14 A few series have reported on the use of IOERT and IMRT for RPS, but to our knowledge, PBRT for RPS has not been previously reported. [15] [16] [17] [18] Our institution's results with traditional external-beam photon radiation and IOERT for RPS were published in 2001. 16 Local control for patients receiving total gross resection, external-beam radiation, and IOERT was 74%, and local control for patients receiving total gross resection and external-beam radiation without IOERT was 61%. In 2003, we began a strategy for the treatment of RPS that incorporated IMRT, PBRT, and/or IOERT with a synchronized surgical strategy. Patients were treated preoperatively with either PBRT or IMRT to a dose of 45-50.4 Gy. Aggressive surgical resection with removal of contiguous organs was then performed with a goal of removing all gross residual disease and obtaining a microscopically negative margin along the anterior surface of the tumor. The best margin possible was attempted along the posterior margin (retroperitoneal musculature and fat) and along any contiguous organ/structure left in situ. The tumor specimen was then analyzed by frozen section to determine the adequacy of the surgical margin. IOERT was delivered to the any close or positive posterior margin or margin along an unresected contiguous organ or vital structure. For patients in whom a diagnosis of STS could not be obtained before surgery or patients who were too symptomatic to tolerate preoperative radiation, aggressive surgery was initially performed and IOERT was delivered to the tumor bed. An omental flap was then placed along the tumor bed and postoperative radiation was then delivered by PBRT.
Here we describe a series of 28 patients treated at our institution with aggressive surgical resection along with IMRT, PBRT, and/or IOERT.
METHODS

Patients
Patients with either primary or isolated recurrent retroperitoneal or pelvic STS were considered for this treatment strategy. Patients with tumors that could not be irradiated within the dose constraints of adjacent normal tissues were excluded. Patients who had multifocal disease or whose disease was deemed unresectable were also excluded. Twenty-eight patients treated with the described strategy between September 2003 and October 2008 were added to the Massachusetts General Hospital institutional review board-approved sarcoma database and followed prospectively. All patients were evaluated by a complete history and physical examination. Radiological imaging included abdomen/pelvis computed tomographic (CT) scan and sometimes a magnetic resonance imaging scan of the primary site, along with a chest CT scan. Cases, radiological imaging, and pathology slides were reviewed at a weekly Massachusetts General Hospital multidisciplinary sarcoma conference. The treatment plan was individualized for each patient by consensus after open-format discussion.
External-Beam Radiation Therapy
For patients with RPS who could tolerate preoperative therapy, an image-guided biopsy avoiding any transperitoneal approach was performed to establish the diagnosis. Once the diagnosis was established, patients received PBRT, IMRT, or both. Because normal tissue sparing with PBRT is greatest for large tumors (i.e., the larger the tumor, the larger the volume of normal tissue beyond it that will be spared by the exit dose), PBRT was used preferentially in patients with large tumors that were adjacent to liver, both kidneys, or large volumes of small bowel. There was often a waiting list for PBRT, given the limited availability of treatment slots. Hence, many of the patients slotted for treatment with PBRT would start their treatment with IMRT (18-30.6 Gy in 10-17 fractions over 2-3.5 weeks) to avoid a delay in initiation of radiotherapy and then transition to PBRT. Some patients, particularly those with smaller tumors away from the liver, could be treated to the planned preoperative radiation dose with IMRT alone. For both IMRT and PBRT, patients were planned and treated supine with legs placed in a foam immobilizer and the torso on a wing board fitted with posts that patients would grip with their arms extended above the head. All patients underwent radiation-planning CT scans, which were performed with oral and intravenous contrast with the patient in the treatment position.
For preoperative radiotherapy, the gross tumor volume (GTV) was contoured on each axial slice. For mobile tumors near the diaphragm, respiratory gating with the RPM system (Varian Medical, Palo Alto, CA) was used beginning in 2005 for patients with [1 cm target motion. The clinical target volume (CTV) was considered the tissues adjacent to the GTV judged to be involved on a subclinical basis. This volume was generated by expanding the GTV by 1.5 cm and then editing the CTV to eliminate tissues thought to be at low risk for involvement, such as those with an intervening fascial or bony barrier interposed between that tissue and the tumor. The expansion for the PTV for IMRT was 0.5 cm; for PBRT, the apertures were designed such that the prescription isodoses were 3 mm wider than the CTV and PTV. The prescription doses were to deliver 45 Gy in 25 fractions to the CTV and a 5.4-Gy boost to the GTV if permitted by normal tissue. For PBRT, doses were prescribed to the isodose lines that encompassed the target volumes. For IMRT, the aim was for the prescription isodose to encompass [95% of the planning target volumes. For both IMRT and PBRT, no more than 10% of the PTV was to receive [110% of the prescription dose. If any postoperative boost radiation was provided, this was administered exclusively with PBRT.
For postoperative radiotherapy, the preoperative GTV was constructed by manual review of the preoperative CT and by clips placed at surgery or generated by fusing the postoperative planning CT scan with the preoperative diagnostic CT scan. The expansion for the CTV was generated as described above for preoperative CTV with a 1.5-cm expansion, but the editing of the CTV was much greater, in general excluding much of the volume previously occupied by tumor, but now often just filled with bowel or other viscera not really at risk for subclinical disease. The expansions for planning target volumes for IMRT were also 0.5.cm, and the proton apertures were designed to treat the CTVs with 0.3-cm lateral margins. Dose prescriptions were the same as those for preoperative external-beam radiotherapy. For patients who had received intraoperative radiation, the postoperative external-beam radiation dose was 45-50.4 Gy in 25 to 28 fractions. Only six patients did not receive preoperative radiation. Of these patients, three received intraoperative radiation to doses of 10, 12.5, and 15 Gy, respectively. The postoperative radiation dose in these six patients was a median of 50.2 Gy with a range of 37.5-66.6 Gy. Except for one patient who received 37.5 Gy postoperatively, the remaining patients received 45 Gy to the initial CTV, and a boost to the areas of margin positivity (particularly if bowel could be excluded by use of interposed omentum) of 0-21.6 Gy with a median of 5.4 Gy.
Organs at risk were also contoured. These included the liver, the spinal cord, both kidneys, small and large bowel, and the stomach. No more than 20% of the liver was to receive the prescription dose; only B40% of the liver volume was to receive a dose of C30 Gy, and no more than 50% of the liver could receive more than 25 Gy. At least two-thirds of the volume of one functioning kidney was to receive a radiation dose of \20 Gy. Ipsilateral kidney sparing was not a planning aim if the ipsilateral kidney was located in the target volume, provided the opposite kidney had been demonstrated to be normal. No segment of the spinal cord could receive more than 48 Gy. In general, the small bowel dose limit was 50.4 Gy, although focal areas of one wall of the small bowel could receive 57.6 Gy if the dose was falling off across the bowel with protons or IMRT. Stomach irradiation dose was limited to 55 Gy, and the colon dose was limited to 60 Gy; generally the posterior wall of a portion of the colon was in the boosted volume.
Surgery
Five to 7 weeks after preoperative radiotherapy, patients underwent surgical resection of their tumors. The surgical approach usually included positioning patients in a modified lateral decubitus position (except for midline tumors) and making generous incisions. Thoracoabdominal incisions were performed for upper abdominal tumors abutting the diaphragm. Tumors and adjacent organs were then circumferentially dissected from anterior to posterior with the goal of aggressively resecting adjacent organs en bloc to obtain a microscopically negative anterior margin. The posterior margin was then sharply dissected under direct vision with the goal of obtaining the best possible posterior margin. The surgeon then took the resected specimen to the operating room pathology laboratory, the specimen was oriented for the sarcoma pathologist, and the closest margin or margins as assessed by the surgeon were analyzed by frozen section.
Patients who were too symptomatic to tolerate preoperative radiotherapy or in whom image-guided biopsy results could not establish a diagnosis underwent initial surgical resection. A frozen section was performed on the surgical specimen to establish the diagnosis, and IOERT was then delivered to the tumor bed. An omental flap was then mobilized and placed into the tumor bed, and postoperative proton-beam radiation was delivered.
Intraoperative Radiotherapy
For patients considered for IOERT, the radiation oncologist reviewed the operative findings and joined the surgeon in the operating room pathology laboratory to review the surgical margins. IOERT was delivered to any close or positive posterior margin when technically feasible with a dedicated linear accelerator with up to 18 meV built into one of institution's operating rooms. The IOERT treatment volume was determined jointly by the radiation oncologist and surgeon to cover the regions at highest risk. Applicators (circular, ellipsoid, or rectangular) in various sizes were used to direct the IOERT beam; in some patients with large tumors, two adjacent fields were abutted. Customized shielding (multiple layers of 1/64-in. lead, with thickness determined by the electron energy used) was available to further shape the field and shield normal tissues not thought to be at risk. Bolus (0.5-1.0 cm) was used where necessary to increase the surface dose as required by the configuration of disease. After selection and immobilization of the applicator with a Buckwalter retractor and customized attachments, the patient on the operating room table was positioned underneath the linear accelerator, and the applicator was docked with the electron cone. The correct position of the applicator was confirmed by periscope before the delivery of IOERT. During IOERT, patients were ventilated with 100% oxygen and monitored by video camera. Typically a single dose of 10 Gy was provided for completely resected tumors, 12.5-15 Gy was delivered for microscopic disease, and 15-20 Gy was delivered for macroscopic residual disease. Electron energies in the range of 6-15 meV were prescribed to the 90% isodose.
Clinical Data
Clinical information regarding patients was obtained from the Massachusetts General Hospital's medical records and sarcoma database. Recorded patient data included age, sex, symptoms, and physical examination findings. Characteristics of the primary tumor were recorded and included size, site, and grade. All biopsy and surgical specimens were analyzed by experienced sarcoma pathologists (A.P.R. or G.P.N.), who determined grade (I, low; II, intermediate; III, high) and margin of resection (microscopically negative, microscopically positive, grossly positive). Grossly positive margin was defined as a resection in which the surgeon thought gross tumor was left unresected. Microscopically positive was defined as the presence of tumor cells at the inked specimen margin. Information regarding radiotherapy was obtained from the MGH Department of Radiation Oncology sarcoma database. Operative reports and the operating room logs were reviewed for all patients.
Median follow-up was 33 months. For follow-up, patients were followed every 3 months for the first 2 years and every 6 months from year 3 through year 5. Patients with low-grade tumors were followed through year 10. Chest, abdomen, and pelvis CT scans were obtained at every visit for high-grade tumors. Chest X-ray and abdomen/pelvis CT scans were obtained at every visit or every other visit for low-grade tumors. The location and time of initial local and distant recurrences were recorded.
Statistical Analysis
Local recurrence-free survival, distant recurrence-free survival, and disease-specific survival were determined for all patients. Survival curves were estimated by the KaplanMeier method. 19 Clinical variables were associated with survival by the univariate Cox proportional hazard model. 20 
RESULTS
Disease Manifestation and Tumor Characteristics
This study analyzes 28 patients with a confirmed pathologic diagnosis of RPS treated at one institution between September 2003 and October 2007 with the treatment strategy described above. Twenty patients had primary disease, and eight patients had isolated local recurrence ( Table 1 ). The median age of all patients was 56 years (range 33-85 years). Slightly more than half of patients were women. Fifty-seven percent of patients manifested symptoms due to tumor, while the remaining patients had their tumors discovered incidentally. The most common symptom exhibited when the patient sought care was abdominal pain or discomfort (n = 11); other symptoms included those consistent with the mass effect within the abdomen (e.g., early satiety, anorexia, weight loss, n = 4), compression of nerves or blood vessels (e.g., lower extremity pain, numbness, or edema; n = 4), intratumoral bleeding (n = 2), mass effect on the lungs (e.g., shortness of breath; n = 1), and hematuria (n = 1). For those with symptoms, the median length of time with symptoms was 4 months, and six patients had symptoms for C12 months. Six patients (21%) had a palpable abdominal mass that was found at physical examination.
The median size of all tumors was 9.75 cm ( Table 1) . There was no marked size difference between primary tumors and recurrent tumors. In terms of histological subtype, half of tumors were liposarcomas. This included four well-differentiated liposarcomas, eight well-differentiated/ dedifferentiated liposarcomas, and two myxoid liposarcomas. Six tumors were leiomyosarcomas (including two tumors arising with the inferior vena cava), two were malignant fibrous histiocytomas, two were carcinosarcomas, two were malignant peripheral nerve sheath tumors, one was a pleomorphic fibrosarcoma, and one was a myxofibrosarcoma. Two-thirds of tumors were intermediate-or high-grade.
Pretreatment Biopsy
Four patients did not undergo biopsy before the initiation of treatment. Two of these patients underwent initial surgery without preoperative biopsy as a result of severe symptoms, and the other two patients had presumed local recurrence of their original tumor. The remaining 24 patients underwent pretreatment biopsy, and results of 23 (96%) of these biopsies established the diagnosis of sarcoma. The one patient who had an incorrect diagnosis on the basis of pretreatment biopsy was a patient with underlying neurofibromatosis who had a biopsy sample of a 13.5-cm retroperitoneal mass that showed neurofibroma. The tumor was marginally resected, and frozen section analysis still showed neurofibroma. However, the final pathological diagnosis was malignant peripheral nerve sheath tumor arising within a neurofibroma. This patient subsequently underwent a repeat exploration along with IOERT followed by postoperative radiotherapy. The correct histological subtype of STS was diagnosed in 19 patients (76%).
Surgical Therapy
Twenty-five of 28 operations were performed by one surgeon (S.S.Y). Twenty-five patients (89.3%) had complete gross resection of their tumor, while three patients (10.7%) had a small amount of gross tumor left unresected (Table 2 ). Six tumors (21.4%) were resected without requiring removal of adjacent organs. The remaining 22 tumors required resection of adjacent organs to clear the anterior surgical margin, with a median of two adjacent organs resected (range 0-5 organs). Resected organs or vital structures included colon (n = 7), kidney (n = 7), major vein (e.g., inferior vena cava [IVC], iliac vein) (n = 7), adrenal gland (n = 5), distal pancreas (n = 3), spleen (n = 3), gallbladder (n = 3), small bowel (n = 2), major artery (e.g., aorta, iliac artery) (n = 3), diaphragm, liver, major nerve, iliac bone, and testicle (all n = 1). Resection of muscle (e.g., abdominal wall, psoas, or iliacus muscles) was not counted as an adjacent organ or vital structure resection. Median operating time was 4 h and 17 min. Eight patients (28.6%) had one or more postoperative complication within the first 30 days after operation. These included postoperative ileus (n = 5), bleeding requiring reoperation (n = 2), urinary tract infection (n = 2), wound infection, pneumonia, and arrhythmia (all n = 1). Median length of stay was 6 days (range 3-12 days). There were no postoperative deaths.
For each case, the resection specimen was taken to the operating room pathology laboratory, and the specimen was oriented for the sarcoma pathologist by the attending surgeon. The attending surgeon identified the closest surgical margin for the pathologist, and this margin was analyzed by frozen section. Frozen section assessment of the closest margin was microscopically negative in 13 specimens and microscopically close or positive in 12 patients. Three specimens that were assessed intraoperatively as microscopically negative were ultimately assessed as microscopically positive. Thus, on final pathology, margins were microscopically negative in 13 patients, microscopically positive in 12 patients, and grossly positive in 3 patients. Microscopically negative margins were achieved more frequently in patients with primary tumors (11 of 20, 55%) as opposed to recurrent tumors (2 of 8, 25%). Table 3 summarizes the radiotherapy treatment for patient in this series. Twenty patients received preoperative radiotherapy (median dose 50 Gy, range 37.5-54 Gy), and six patients received postoperative radiotherapy (median dose 50.2 Gy, range 37.5-66.6 Gy) because of either an inability to obtain a preoperative diagnosis or the presence of severe symptoms. Two patients received both preoperative and postoperative radiotherapy totaling 50.4 and 66.4 Gy. Eighteen patients received some component of PBRT, and 10 patients received IMRT. IOERT was delivered to any close or positive microscopic margin whenever feasible. Twelve patents received IOERT to a median dose of 11 Gy (range 6-15 Gy). Two patients received doses lower than those specified in the protocol as a result of normal tissue constraints. One patient's tumor was adjacent to liver. The other patient's tumor was adjacent to one kidney, and his contralateral kidney had been previously removed.
Radiotherapy
The availability of PBRT allowed for the delivery of preoperative radiotherapy to very large tumors. The largest tumor in this series was in 71-year-old woman with a 30 cm in maximal dimension well-differentiated and dedifferentiated liposarcoma located in the left retroperitoneum (Fig. 1a) . A comparison of dose distribution for IMRT and PBRT therapy demonstrated marked sparing of the spinal cord, liver, right kidney, small bowel, and stomach (data not shown). After 45 Gy of PBRT, this patient underwent surgical resection of the tumor along with the spleen, distal pancreas, left kidney and adrenal gland, left colon, and sigmoid colon followed by 12.5 Gy IOERT to the tumor bed. She remains free of disease [4 years after surgery (Fig. 1b) . In circumstances where a preoperative diagnosis could not be obtained, a diagnosis was established by frozen section analysis at the time of surgical resection, and IOERT was delivered to the tumor bed. The greater omentum was then mobilized off the transverse colon and placed into the tumor bed to displace small bowel away from the tumor bed. Proton-beam radiation was then delivered postoperatively to the tumor bed. For example, one 51-year-old man sought care for severe abdominal pain and early satiety, and a 17-cm left retroperitoneal mass was found on abdominal CT scan (Fig. 2a) . Results of a CT-guided biopsy suggested gastrointestinal stromal tumor. Imatinib was administered for 6 weeks, but the patient's symptoms progressed. The patient thus underwent Intraoperative frozen section analysis of the surgical specimen suggested this tumor was not a gastrointestinal stromal tumor but rather a grade III/III malignant fibrous histiocytoma. IOERT (15 Gy) was delivered to each of two abutting fields designed to encompass the posterior margin of the tumor, and an omental flap was placed over the tumor bed. The patient then received postoperative PBRT to 45 Gy, which allowed sparing of the spinal cord, right kidney, colon, stomach, small bowel, and liver compared to IMRT (Fig. 2b) . The patient remains free of disease nearly 4 years after surgery. Several patients experienced minor acute radiotherapy toxicities including skin erythema, nausea, and bowel habit changes. Complications that may be related to radiotherapy occurred in four patients (14.3%). One patient received preoperative IMRT and PBRT 54 Gy and IOERT 7.5 Gy and developed a ureteral stricture. Another patient received preoperative PBRT 45 Gy and no IOERT and developed severe bleeding 2 weeks after surgery requiring reoperation, during which no obvious source of bleeding was identified. The third patients received preoperative IMRT 54 Gy and developed a late enterocutaneous fistula. The final patient received IOERT 10 Gy followed by postoperative IMRT 50 Gy and developed an infected seroma several weeks after surgery.
Medical Therapy
Only three patients received adjuvant or neoadjuvant chemotherapy (two with primary disease and one with recurrent disease). One of these patients was a 23-year-old man who sought care 8 years after resection of a myxoid liposarcoma with a 15-cm local recurrence encasing the celiac axis. He received ET-743 (Trabectedin) for 9 months at another institution with a partial response. ET-743 was discontinued as a result of toxicity, and the tumor grew to 6.7 cm in maximum axial diameter (Fig. 3a) , so he was referred to our institution for PBRT. For this central tumor in a young patient, PBRT allowed marked sparing of liver, spinal cord, stomach/duodenum, kidneys, and colon compared to IMRT (Fig. 3b, c) . He received PBRT to 50.4 Gy with a decrease in tumor size to 4.9 cm such that the tumor no longer encased the celiac axis. Surgical resection was then performed followed by 10 Gy of IOERT. He received no further therapy and has been free of disease for 5 years.
Another patient was a 56-year-old woman who had a 6.9 cm intermediate-grade leiomyosarcoma of the retrohepatic inferior vena cava. This tumor extended superiorly (Fig. 4a) . Given that this tumor was thought to be unresectable, the patient received one cycle of mesna, adriamycin, ifosfamide, and dacarbazine (MAID) chemotherapy followed by a combination of ifosfamide and PBRT, which greatly spared radiation to the adjacent liver (Fig. 4b) . The tumor shrank to 5.4 cm such that the superior extent was at the level of the hepatic veins and the inferior extent was above the renal veins. Thus, the tumor was resected on venovenous bypass along with resection of the retrohepatic IVC, right adrenal gland, and portion of the right diaphragm. The IVC was reconstructed with a 20-mm ringed polytetrafluoroethylene graft with the cuff of IVC around the hepatic veins sewn into the polytetrafluoroethylene graft (Fig. 4c) . No evidence of disease remains 3 years after surgery.
Recurrence and Survival in Patients with Primary Disease
Median follow-up for all patients was 33 months. Threeyear local recurrence-free survival for primary and recurrent tumors was 90% and 30%, respectively (Fig. 5a ). There were two local recurrences in the 20 patients with primary tumors and three local recurrences in the 8 patients with recurrent tumors. By univariate analysis, initial presentation with local recurrence and pelvis site of tumor were both associated with an increased risk of local recurrence (Table 4 , Fig. 5b) . The association between pelvis location and increased local recurrence persisted when only patients with primary disease were analyzed (P = 0.038). Of note, margin status was not a statistically significant prognostic factor for local recurrence Six patients experienced distant recurrence. Three patients had intraperitoneal recurrences, one had lung and brain metastases, one had lung only metastases, and one had subcutaneous metastases. The overall 3-year distant recurrence-free survival was 78% (Fig. 5c) .
On univariate analysis, pelvic tumor site was associated with distant recurrence (P = 0.002) (Fig. 5d and Table 5) , and nonliposarcoma histology trended toward increased distant recurrence (P = 0.055) ( Table 5) . Median time to distant recurrence was 8.1 months and ranged from 4 to 43 months. Overall 3-year disease-specific and overall survival was 87% (Fig. 5e) .
DISCUSSION
The aggressiveness of surgery and delivery of radiotherapy for RPS are highly debatable topics. Local recurrence for RPS after surgical resection alone is [40% in large series. [9] [10] [11] Some have recently argued that more aggressive surgery leads to lower recurrence rates, while others have argued that sacrificing some dispensable organs (e.g., colon and kidney) while leaving other less easily resected organs (e.g., duodenum and aorta) may not be sufficient to clear all margins of microscopic disease. [3] [4] [5] In addition, some favor adjuvant radiation, while others argue that one cannot safely deliver enough radiotherapy to RPS to reliably control microscopic residual disease. 21 In this   FIG. 4 study, we used a treatment strategy for RPS that involved (1) aggressive surgical resection of the tumor and contiguous organs aimed at obtaining a negative anterior margin and (2) advanced radiation modalities (PBRT, IMRT, and IOERT) aimed at delivering adequate radiation doses to microscopic residual disease (often at the posterior margin) and minimizing radiation dose to adjacent radiation-sensitive organs. In a series of 28 patients treated with this strategy, radiation-related complications (14.3%) and surgical morbidity (28.6%) were acceptable, and 3-year local recurrence-free survival was 90% for patients with primary disease. Local control was much lower for patients with recurrent disease. Most radiation oncologists currently agree that if radiation is delivered to RPS, it is best delivered preoperatively. There are several advantages in the delivery of preoperative The data on the efficacy of preoperative radiotherapy for RPS are retrospective and equivocal. Several studies have demonstrated lower local recurrence rates with the addition of adjuvant radiotherapy to surgical resection, but these studies may have selection bias and other confounding variables. [21] [22] [23] [24] [25] [26] [27] Other studies have found local recurrence rates of up to 60% even with the addition of radiotherapy. 10, 28, 29 Radiotherapy to a dose of 45-50 Gy may result in lower local recurrence rates when tumors are resected with a negative microscopic margin, but doses [55 Gy may be required to control tumors resected with a positive microscopic margin. 23, 24 Radiation doses [55 Gy often exceed the normal tissue tolerance of radiation-sensitive organs such as the kidney, small bowel, and liver that are 18 Two-year recurrencefree survival was 80%. Bossi et al. from Belgium used IMRT to deliver radiation only to the posterior margin of retroperitoneal liposarcomas followed by surgical resection, and there were only two local recurrences in 18 patients. 15 The advantages of delivering photon radiation via IMRT have been reviewed elsewhere. 12 There are several theoretical advantages of PBRT. Although radiation doses of 45-50 Gy can be delivered to retroperitoneal tumors without PBRT, PBRT offers additional advantages over IMRT and 3D conformal radiotherapy. 30 Protons have a reduced entrance dose compared to traditional photons as well as almost no exit dose (Fig. 6) . Thus, PBRT reduces the radiation of adjacent normal organs and tissues by approximately 60% and allows delivery of the prescription dose to the tumor with much greater sparing of adjacent organs and structures than is possible with photons. Whether PBRT offers a clinical advantage for any given patient depends on the location of the tumor and the adjacent normal tissues. PBRT is most advantageous for tumors near the liver, where much greater hepatic sparing is often achievable, but may also allow important reductions in dose to other organs such as kidney, small bowel, and stomach.
IOERT combined with external-beam radiotherapy is one approach to safely deliver high radiation doses to RPSs. The Mayo Clinic retrospectively analyzed patients with RPS who received IOERT and external-beam radiotherapy. In the 43 patients with primary disease, 5-year local recurrence-free survival ranged from 60% to 100%, depending on whether margins were grossly positive, microscopically positive, or microscopically negative. 17 Similarly, a report from our institution in 2001 demonstrated a 5-year local recurrence-free survival of 83% when external-beam radiotherapy combined with intraoperative radiation was used. 16 To our knowledge, this study is the first to report on the use of PBRT for RPS and is the first to examine the combination of IMRT or PBRT with IOERT for these tumors. We learned several lessons during the conduct of this treatment strategy. First, there must be good coordination between the radiation oncologist and surgeon in order for the described strategy to be effective. This surgeon must determine in advance which contiguous organs will likely be resected and which organs will likely be left in situ. The radiation oncologist must adjust the radiation planning in response to the surgical plan. For example, if a nephrectomy or partial hepatectomy is planned, radiation to the contralateral kidney or residual liver must be strictly avoided. For well-differentiated liposarcomas, the exact extent of disease may be difficult to ascertain on the basis of imaging studies. For the patients in this study, the treating radiation oncologist and surgeon usually reviewed the radiation target volumes jointly to come to a consensus on the extent of disease and areas of highest risk for microscopic residual disease. Second, our strategy of radiotherapy and surgical resection was much more successful for patients with primary disease compared to patients with recurrent disease. For recurrent tumors, the visible macroscopic recurrence often did not encompass the entire field at risk of microscopic residual disease. Thus, targeting the recurrent macroscopic tumor with radiation and surgery left residual microscopic disease that was neither resected or radiated. Thus, in the three patients with recurrent disease who experienced local recurrence, the recurrence was outside the surgery and radiation fields. Perhaps a better strategy for these tumors is to carefully analyze the original primary tumor bed and target surgery and radiation to the entire field at risk rather than merely the visible local recurrence. Third, many patients could not be treated with this strategy. Some patients were too symptomatic or had tumors that were too large for preoperative radiotherapy, and adequate intraoperative and postoperative radiotherapy was not feasible. Many patients sought care at our institution immediately after surgical resection, and thus preoperative radiotherapy or IOERT could not be performed.
There are several limitations to this study including a heterogeneous patient population, heterogeneity in the administration of radiation, and small sample size. This report describes a somewhat favorable group of patients compared to other series of RPS; given that 43% of patients were asymptomatic, most patients were able to tolerate preoperative therapy, and median tumor size was 9.75 cm. In addition, PBRT is not widely available, making broad application of this strategy difficult.
The addition of chemotherapy or targeted biological agents may improve the efficacy of radiotherapy against RPS and increase local control. Pisters et al. in a phase I study, treated 35 patients preoperatively with 4 to 5 weeks of doxorubicin and escalating doses of radiation followed by surgical resection and IOERT in selected patients. 32 Pisters et al. determined this was a feasible strategy and obtained acceptable morbidity at the highest preoperative radiation dose of 50.4 Gy. Our group is currently conducting a phase II trial combining neoadjuvant bevacizumab, an antiangiogenic agent, and radiotherapy for STS (including RPS) at risk of local recurrence (http://clinicaltrials.gov/ct2/show/NCT00356031).
In conclusion, the most common cause of death for patients with RPS is local recurrence rather than distant metastases. Aggressive surgical resection to obtain a complete gross resection (and negative margins if possible) is the mainstay of treatment. A strategy of preoperative PBRT and/or IMRT followed by aggressive surgical resection and IOERT may possibly allow for the delivery of adequate radiation doses to control microscopic residual disease and minimizes radiation dose to adjacent organs. For patients unable to tolerate preoperative therapy, IOERT to the tumor bed followed by an omental flap and postoperative PBRT is another option. This strategy may reduce local recurrence rates, especially for patient with primary tumors. The role of chemotherapy and biologically targeted agents to improve the efficacy of radiotherapy in this setting requires further investigation.
